Microwave-Driven Transitions in Two Coupled Semiconductor Charge Qubits 
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We have studied interactions between two capacitively coupled GaAs/AlGaAs few-electron double 
quantum dots. Each double quantum dot defines a tunable two-level system, or qubit, in which a 
single excess electron occupies either the ground state of one dot or the other. Applying microwave 
radiation we resonantly drive transitions between states and non-invasively measure occupancy 
changes using proximal quantum point contact charge detectors. The level structure of the inter- 
acting two-qubit system is probed by driving it at a fixed microwave frequency whilst varying the 
energy detuning of both double dots. We observe additional resonant transitions consistent with a 
simple coupled two-qubit Hamiltonian model. 
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Semiconductor quantum dot-based devices are fasci- 
nating systems in which it is possible to electrically de- 
fine, manipulate and measure simple two-level quantum 
mechanical systems with a large degree of control [TJEJE]. 
Their enormous potential to readily scale makes them 
attractive candidates as the building blocks for a quan- 
tum computer. One particular proposal makes use of 
the charge degree of freedom of a tunnel-coupled double 
quantum dot where the logical basis is defined by whether 
an electron is localized to one dot or the other [2 j. This 
simple two- level system then forms an elementary qubit. 
The ability to also controllably isolate just a few elec- 
trons in a quantum dot makes it further possible to form 
a qubit which exploits the spin degree freedom and one 
such scheme is based on the singlet-triplet (S-T Q ) spin 
states of a two-electron double quantum dot [3] SJ [5] . 

To perform abitrary quantum computation operations, 
two-qubit gates are necessary and both charge and two- 
electron spin qubit schemes propose using electrostatic 
interactions for this purpose. Such a coupled double-dot 
device is also of interest as the base cell in the classical 
quantum dot cellular automata computational paradigm 
[U [71 E] and as a single charge qubit which is less suscep- 
tible to charge fluctuations [9] . In this Letter we present 
non-invasive measurements of two capacitively coupled 
double quantum dots. We use microwaves to resonantly 
drive transitions between states and map the complex 
evolution of the band structure as interactions between 
the two qubits are turned on. 

The coupled double quantum dot device was defined 
using Ti/Au gates on a GaAs/AlGaAs heterostructure 
with a two dimensional electron gas (2DEG) 90nm be- 
low the surface. The 2DEG had a mobility of 9.1 x 
10 5 cm 2 /Vs and a carrier concentration in the dark of 
1.62 x 10 11 cm -2 . Our experiments were carried out in 
a dilution refrigerator with a base temperature of « 30 
mK. Figure 1(a) shows a scanning electron micrograph 
of a test structure for the surface gates pattern which is 
defined using electron beam lithography. Next to the 
top and bottom double dots, quantum point contacts 




FIG. 1: (color online) (a) Scanning electron micrograph of a 
control sample showing the gate pattern for the device mea- 
sured, (b) Measured charge stability diagram for the top dou- 
ble dot showing the top QPC conductance, gi, against Vm 
and Vli- (c) Measured charge stability diagram for the bot- 
tom double dot showing g^ against Vr2 and Vli- For both 
(b) and (c) planes have been subtracted from the data to 
compensate for gate coupling, (d) One half of the resonant 
microwave splitting against microwave frequency for the top 
(circles) and bottom (triangles) double dots. The solid lines 
are least-square fits to theory with the x-axis intercept giving 
2U. We vary U by adjusting Vm%> 



(QPCs) were defined using gates Dl/Ll and D2/R2 re- 
spectively. For all measurements, the reservoirs for each 
of the dots were grounded and the QPCs were operated 
as non-invasive charge detectors [10]. An excitation of 
200 fiV was applied across the circuits of both QPCs 
with the current measured using standard ac lock-in de- 
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tection. The conductance through each of the QPCs was 
typically maintained at ~0.13e 2 //i [TT] . 

Measured charge stability diagrams for both the top 
(i = 1) and bottom (i — 2) double dots are shown in 
Figs. 1(b) and 1(c) respectively. Electron occupancy 
for the left and right dots, (m^n^), as indicated in Figs. 
1(b) and 1(c), is determined by working back from dif- 
ferent gate voltage settings where both double dots can 
be completely emptied. For this sample, working with 
total electron numbers + > 1 afforded greater con- 
trol over the tunnel coupling energies whilst permitting 
tunneling between the dots and reservoirs. 

We concentrate on charge transitions between the lo- 
calized states | Z^) and \Ri) whereby a single electron is 
transferred from the left dot to the right by sweeping 
across the dashed lines marked in Figs. 1(b) and 1(c). 
Given the small number of electrons on each dot we as- 
sume that the single-particle excitation energy is signif- 
icantly larger than the thermal energy. Therefore near 
this charge transition each double dot is well approxi- 
mated by a coherent two- level system [12 j. With an un- 
paired electron on each double dot we can neglect Pauli 
blockade effects [13] . Using pseudo-spin notation we can 
write the system Hamiltonian for each double dot as: 

Hi^tiof+Uaf (1) 

Here <jf and <jf are Pauli matrices, is the energy de- 
tuning and ti is the tunnel coupling energy. To increase 
ei and e 2 we sweep in the direction of the arrows in Figs. 
1(b) and 1(c) respectively. 

Microwave spectroscopy is an important technique for 
probing coherent interactions in many level systems such 
as double quantum dots [14]. When the microwave pho- 
ton energy, hf ', matches the energy difference between 
the ground and an excited level, the system is driven 
between the two states. Petta et al. [15 have demon- 
strated that changes in average charge occupancy due to 
microwave-induced state transitions can be detected non- 
invasively using a QPC. We use this method to charac- 
terise each double dot and, in particular, determine the 
anticrossing gap energy, 2U . For our microwave measure- 
ments attenuated coaxial lines were coupled to gates LI 
and Rl via bias-tees. In all measurements presented here 
microwaves were applied to gate Rl. 

When characterising each double dot, the other double 
dot is biased well away from any charge degeneracies so 
that there are no interactions between the two halves of 
the device. We then measure in terms of gate voltage how 
the splitting between the two microwave-induced reso- 
nances, 2AVli, evolves with microwave frequency. We 

fit our data to c^AV^ = \J (hf) 2 — (2^) 2 to obtain 2U 
along with the scaling factors which convert gate volt- 
age to energy [15] . Figure 1(d) maps one- half of the split- 
ting as a function of microwave frequency for both double 
dots and with different voltages on gates Ml and M2. 
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FIG. 2: (color online) (a) and (b) plot the top and bottom 
charge sensing signals respectively against Vli and Vl2 show- 
ing the diagonal region where the two double dots interact. 
To account for charge detector drift in (a) we sweep Vli and 
step Vl2 whilst in (b) we sweep Vl2 and step Vli- Each data 
trace has also had an offset and slope subtracted from it. 

As these data show, by varying the voltage on gate Ml 
(M2) we can control the tunnel coupling in the top (bot- 
tom) double dot. In the case where the bottom double 
dot is weakly coupled (V M 2 = -340 mV), 2t 2 < 2 GHz, 
with the accuracy limited by thermal and inhomogeneous 
broadening. This measurement was also complicated by 
the presence of an additional splitting with a half-width 
of ~3 GHz that was observed for both double dots with 
sufficiently weak coupling. A similar splitting has been 
observed by Rushforth et al. [16] who speculated it might 
be due to phonon absorption. 

For the data presented, unless otherwise stated, we use 
Vmi = —530 mV and Vmi — —295 mV which yield an- 
ticrossing gap energies of 2t\ — 3.8 GHz and 2t 2 = 7.3 
GHz respectively. Based on broadening of the charge 
transition for the top double dot we estimate an electron 
temperature of «110 mK [TT] . From the half-width of the 
microwave- induced resonances we estimate an inhomoge- 
nious charge decoherence time of T 2 * « 500 ps consistent 
with Petta et al. [T5] . 

We examine interactions between the two double dots 
by sweeping across the charge transition for one dou- 
ble dot whilst stepping the other through to its charge 
transition point [3 [8]. Figure 2(a) shows g\ while sweep- 
ing across the transition for the top double dot. Figure 
2(b) shows g 2l this time while sweeping across the tran- 
sition for the bottom double dot. To account for drift 
in the conductance of the QPC over the long duration 
of these measurements (~ 4 h), the data has been ad- 
justed such that each sweep starts at approximately the 
same conductance value. A constant slope has also been 
subtracted from each trace. In the centre of both fig- 
ures, along the diagonal feature, charge transitions co- 
incide and both double dots are locked together by the 
cross-capacitance coupling energy. In this region, when 
one double dot is polarized by sweeping across its charge 
transition, polarization is simultaneously induced in the 
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FIG. 3: (color online) (a) We repeat the measurement in 
Fig. 2(a) with a 20 GHz continuous wave signal applied. For 
clarity we differentiate the data with lighter regions indicating 
high dgi/dVLi- (b)-(d) We show the detector signal traces 
along the dashed lines marked (i)-(iii) respectively in (a). We 
also plot the corrresponding calculated band-structure with 
arrows showing how the observed resonances coincide with 
20 GHz energy gaps between the ground state and excited 
states. The approximate eigenstates are indicated in the form 
\LR) = \L 1 )\R 2 ). 



other double dot. From the shift in the charge transition 
position, as indicated in Fig. 2(a), we estimate the cross- 
capacitance coupling energy between the two double dots 
to be S ^84 /ieV (20.3 GHz). 

In Fig. 3(a) we repeat the measurement shown in Fig. 
2(a) but with a 20 GHz continuous wave signal applied. 
When bottom double dot is biased away from its charge 
transition we observe the usual pair of resonant transi- 
tions in the top double dot detector signal [e.g., along 
the dashed line (i)]. However, with smaller detuning we 
observe additional resonances [along (ii) and (iii)] which 
provide strong evidence of additional levels. 

To model our system we employ a total system Hamil- 
tonian which has erf erf coupling between the two qubits 

H = H 1 +H 2 + ^5aZa$. (2) 

We neglect af erf and o\g 2 coupling terms on the basis 
that local potential changes typically have over an order 
of magnitude more effect on e$ than ti [2 . To convert 
between gate voltages and taking into account the 



cross-coupling, between the gates, we use: 
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where AVli — ^Li — V^i and AVli — corresponds to 
€i = (for i = 1,2). For our model, a* (-0.124 - 0.134 
eV/V) and U are measured by microwave spectroscopy 
of each qubit [Fig. 1(d)], whilst k { (-0.02 - 0.035), 
and 6 can be determined from charge stability plots [Fig. 
2] [18]. With all model parameters we diagonalise the 
Hamiltonian to find the system energy levels, E^ and 
eigenstates, ipj, j — 0, 3. In Figs. 3(b)-(d) we plot the 
band-structure and corresponding data sweep for three 
different values of AVl2 as marked in Fig. 3(a) by the 
dashed lines (i)-(iii) respectively. Using our model we can 
explain the origin of the multiple resonances we observe 
in these data. For instance, in Fig. 3(d), the outer reso- 
nances occur where the photon energy matches the gap 
between the ground state and second excited state and 
charge transitions are induced in both double dots. The 
inner resonances correspond to transitions to the third 
excited state with charge transfer mainly induced in the 
top double dot only. 

To trace out the resonances we observe, for each value 
of AVli and AVl2 we diagonalise the Hamiltonian and 
map the points where Ejo = Ej — Eq (j = 1, 2, 3) matches 
the photon energy. For the top double dot, the average 
difference in charge between two eigenstates ipj and ijjk 
is given by: 

(AQi> jfe = - (Ml° z Mk) (4) 

In Fig. 4(a) we overlay the resonances for Ejq = 20 GHz 
with the data from Fig. 3(a). As we concentrate on the 
top detector signal we have set the additional condition 
that | (AQi)j | > 0.5e to ensure that we only consider 
transitions which induce a measurable change in the av- 
erage charge state of the top double dot. Noting that 
we have no free parameters, our model and data show 
good agreement. Two additional points, as marked by 
the arrows, are most probably due to Eiq w E 2 \ result- 
ing in two-photon transitions to the second excited state 
via the first. 

In Fig. 4(b) we repeat Fig. 4(a) but with an 11 GHz 
continous wave signal applied. Around e 2 = the ex- 
pected Eiq resonances become very weak. This might 
occur because it is more difficult to resolve transitions 
at a lower frequency where effects such as inhomoge- 
nious broadening are more significant. The suppression 
of these resonances may also indicate a reduction in the 
transition rate between the two states [T9] . However, the 
transition rates between states depends on how exactly 
the microwave field couples to the device which is not 
known in this case. 

In Fig. 4(c) we again map the top QPC detector 
signal against Vli and Vl2 with 20 GHz applied but 
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FIG. 4: (color online) (a) Same as Fig. 3(a) but with the 
modelled resonances for transitions to the three excited states 
overlaid. The arrows indicate two photon events as described 
in the text, (b) We repeat (a) but with a 11 GHz continu- 
ous wave signal applied, (c) Similar to (a) but with weaker 
coupling in the bottom double dot. In (a)-(c) lighter regions 
indicate high dgi/dVLi- (d) Both the top and bottom detec- 
tor signals along the solid line marked in (c). The expected 
transition positions are indicated by the arrows. 



with reduced tunnel coupling in the bottom double dot 
(V M 2 = -340 mV and 2t 2 ~ 0). We note that the ex- 
pected diagonal E20 resonances are strongly suppressed. 
To better understand this behavior, in Fig. 4(d) we plot 
both detector signal traces along AVl2 — 0. The £^20 
transitions can be more readily seen in the bottom de- 
tector signal. This suggests that charge dynamics are 
dominated by relaxation to a relatively long-lived inter- 
mediate excited state in which it is primarily the bottom 
double dot that is polarized. 

Comparing Fig. 4(c) with Fig. 4(a), qualitatively we 
observe that as the tunnel coupling terms, ^, are in- 
creased the resonant lines evolve from being angular to 
much more rounded with anticrossing-type features be- 
tween them. These data agree well with our simple two 
qubit Hamiltonian model with erf erf coupling, demon- 
strating that our device behaves as a tunable four-level 
quantum mechanical system. 

Our device design demonstrates the feasibility of cou- 
pling two few-electron double quantum dots with integral 
non-invasive charge detection which is key for fast read- 
out [20 , 21 . This is particularly relevant for two-electron 
spin qubits and for which, the coupling we achieve, S ~ 84 



/ieV, would in principle allow for a two-qubit controlled- 
phase operation in ~ 25 ps [5]. This time can be in- 
creased and the interaction effectively turned off by ad- 
justing the detuning of each qubit away from = 0. For 
a more realistic gate operation time of 1 ns and typi- 
cal charge coherence times [22], the two-qubit gate error 
probability would be ~ 4%. 
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